Background and objective: To investigate the effects of barbiturates on batrachotoxin-modified sodium channels from different regions of the human heart. Single sodium channels from human atria were studied and compared with existing data from the human ventricle and from the central nervous system.
different sodium channel isoforms differ in their responses to therapeutic or toxic agents may constitute a first step towards designing more specific drugs and therapies. Concerning the distinct functions that atrial and ventricular cells have in the mammalian cardiovascular system, the question arises whether toxic substances such as batrachotoxin have a different effect on cardiac sodium channels from atrial rather than from ventricular sodium channels, and whether batrachotoxin modification differentially affects the sensitivity to general anaesthetics of these two cardiac sodium channels isoforms.
Gellens and colleagues [9] found a new type of tetrodotoxin-insensitive sodium channel expressed in human atrial and ventricular cardiac muscle but not in adult skeletal muscle, brain, myometrium, liver or spleen. It has been shown that these cardiac sodium channels differ in their electrophysiological and pharmacological behaviour from other sodium channel isoforms [10] [11] [12] [13] . Hiroe and colleagues [14] found in addition that the antidysrhythmic drug Ro 22-9194 had a higher affinity to the sodium channels in atrial myocytes than in ventricular myocytes. This indicates that there might be different sodium channel isoforms in the atrium and in the cardiac ventricle. We were able to demonstrate that in an approach complementary to recombinant systems, in planar lipid bilayers, human sodium channels from heart and from central nervous system (CNS) in spite of distinct differences in their modification of electrophysiological control behaviour by batrachotoxin had no differences in their response toward the anaesthetic agent pentobarbital. Therefore, the question arises whether sodium channels from atrium and ventricle differ in their batrachotoxin modification or anaesthetic response. This could help to explain the specific cardiac pharmacological profile. Alternatively, our findings from a previous publication [15] might be confirmed in which the batrachotoxin effect, but not anaesthetic responses, showed significant differences between sodium channels from human heart and CNS.
Molecular functions and pharmacological interactions of sodium channels without batrachotoxin modification have been studied in the experimental environment of the patch-clamp technique using both native cells and expression systems (for reviews, see, for example [16] [17] [18] ). However, when pharmacological effects on sodium channels from different tissues are compared, one must allow for the possibility that differences in sensitivity not only may arise from changes in the amino acid sequence of the ion channel proteins [11, 19, 20] , but also from posttranslational modification [21] . Thus, differences in potency may not become apparent when sodium channels are expressed heterologously in foreign cells using molecular-biological methods. In contrast to the catch-clamp method, we used the planar lipid bilayer method where native human cardiac sodium channels are reconstituted into planar lipid bilayers in the presence of batrachotoxin. Besides requiring only small amounts of fresh or frozen tissue, this method proved a reliable and reproducible method for the direct examination of single sodium channels [15] . In addition, the planar bilayer approach allows experimental control of the lipid environment of the channel, since pharmacological agents such as toxins and anaesthetics might act by causing changes in the physiochemical properties of the lipid membrane.
In this experimental approach, batrachotoxin has the advantage of stabilizing the sodium channel in a defined configuration: the activated state of the channel. Without this stabilization, the action of sodium channels would be too rapid for resolution in our experimental system. Furthermore, batrachotoxin acts as a marker and enables us to be certain that the same channel is being monitored for hours. While batrachotoxin alters sodium channel inactivation, it does not completely abolish it. In addition, it modifies the electrophysiological features of sodium channels nonuniformly, but has a differential effect on different human sodium channels [15] . This fact is especially interesting as it contrasts a more or less uniform effect of pentobarbital on batrachotoxin-modified sodium channels.
In the study presented here, sodium channels from human atrial muscle were fused with planar lipid bilayers, and single-channel conductances and subconductances, single-channel fractional open times, the voltage-dependence of tetrodotoxin block and the steady-state activation behaviour of single sodium channels were examined in the presence of batrachotoxin. In a second set of experiments, the batrachotoxin-modified channels were exposed to pentobarbital. Pentobarbital was chosen since almost all studies have been done with pentobarbital before (comparability) and because pentobarbital, a thiopental analogue, would be expected to act almost the same as thiopental does. The effects of pentobarbital on single-channel conductance, single-channel fractional open times and the steady-state activation behaviour of single sodium channels were investigated. These parameters and the experimental conditions were chosen in order to allow a detailed comparison of our findings with bilayer data published in the academic literature.
Methods Preparation
With the approval of the local Committees on Human Rights in Research (the investigation conforms to the Modification of sodium channels from human heart atrium 355 principles outlined in the Declaration of Helsinki), human heart samples were acquired. Human heart atrium muscle samples were obtained from seven patients with coronary artery disease undergoing coronary artery bypass graft. The atrial tissue was waste tissue from the small circular incision in the right atrium for insertion of the venous cardiopulmonary bypass cannulae. Samples were immediately frozen at 280°C. Membranes were prepared as described for canine heart [19] and stored at 280°C.
Bilayer procedures
Most materials and experimental methods are described elsewhere [22, 23] ; a brief description is given here. All experiments were conducted at room temperature (22-24°C) in either symmetrical 500 mmol NaCl or symmetrical 100 mmol NaCl buffered at pH 7.4 with 10 mmol HEPES (United States Biochemical Corporation, Cleveland, OH, USA); no corrections were made for temperature differences between experiments. Planar bilayers were formed from neutral phospholipid solutions containing (4 : 1) 1-palmitoyl-2-oleoyl-phosphatidylethanolamine and 1-palmitoyl-2-oleoyl-phosphatidylcholine (Avanti Polar Lipids, Birmingham, AL, USA) in decane (5% w/v, 99.9% pure; Wiley Organics, Columbus, OH, USA). Tetrodotoxin was purchased from Sigma Chemical Co. (St Louis, MO, USA). Batrachotoxin was a gift from Dr J. Daly (NIH, Bethesda, MD, USA). Teflon ® chambers were prepared and used as described [22] ; the chambers were divided by a Teflon ® partition into a cis-compartment to which the preparation was added, and a trans-compartment. The partition had a hole, of approximately 300 µm, in its centre; planar bilayers were formed over this aperture. Sodium channels were incorporated into the bilayers in the presence of batrachotoxin 0.5 µmol; the electrophysiological sign convention in bilayer papers was used in the presentation of results (i.e. the side to which tetrodotoxin binds is the reference for the potentials).
Channel currents were recorded under voltageclamp conditions and filtered at 50 Hz. Time-averaged conductances were measured by computer. After incorporation of a sodium channel into the bilayer, control currents were measured for at least 60 min and the sidedness of the channel was determined experimentally. In some experiments, increasing concentrations of tetrodotoxin were achieved by adding small amounts from a stock to the extracellular side of the channels. After each addition of tetrodotoxin, control measurements were repeated.
In some experiments steady-state activation properties were determined as described [23] . In the range of channel activation, channel fractional open time ( f o ) could be described by a two-level distribution (Boltzmann distribution) with one open and one closed state:
containing as parameters the maximum channel fractional open time (f max ), the steady-state mid-point potential (where V a is the potential at which the channel is open 50% of the time), and the valence of the effective gating charge (z a ), related to the steepness of the sigmoidal curve (where V is the membrane potential, F is the Faraday constant, R is the gas constant and T is absolute temperature).
In a number of experiments, pentobarbital was added from an ethanol stock solution to the aqueous compartment facing either the extra-or intracellular side of the channel. Pentobarbital block (Block [PTB] ) was calculated using:
, (2) where g [PTB] is the time-averaged conductance in the presence of pentobarbital and g [control] is the timeaveraged conductance in the absence of pentobarbital. The protocol of the control measurements was repeated with increasing concentrations of pentobarbital. Standard deviations (SD) were used when expressing averages; paired-sample t-tests (P , 0.05) were used to assess significance.
Results
Sodium channels from human heart atrium were incorporated into planar bilayers in the presence of batrachotoxin. Experimental incorporation statistics (Table 1) were not different from other experimental series with human sodium channels. As heart atrium data obtained from individual patients showed no Data from ventricular channels [15] .
significant differences, they were subsequently pooled. Fig. 1a shows the typical recordings of a single cardiac sodium channel from human heart atrium. The channels remain open most of the time because batrachotoxin impairs channel fast inactivation [24] . However, in contrast to sodium channels from human brain, which are open about 95% of the time and show only rare and brief closures of the order of 100 ms or less [25] , cardiac channels from human atrium showed frequent closures, lasting up to seconds. These longlasting closures are typical for cardiac sodium channels and were equally seen in ventricular sodium channels [15] .
The averaged single-channel conductance of atrial channels, evaluated by the analysis of the transitions between open and closed states, revealed a singlechannel current-voltage relationship that was symmetrical and independent of membrane potential under symmetrical electrolyte conditions (Fig. 2) . It was 23.8 (61.6) pS (n 5 15; number of all channels in these experiments was 21, 11 experiments were single-channel experiments).
Extracellular tetrodotoxin (but not intracellular tetrodotoxin, which has no effect at all) blocks sodium channels in an all or none manner, manifesting itself as closures of long duration(s) (Fig. 3a) . This block was voltage dependent, with the block decreasing as the potential across the channel was increasingly reduced (Fig. 3b) . Tetrodotoxin sensitivity was assessed by adding increasing concentrations of the toxin to the extracellular side of the incorporated channels. The linear regression fit of the experimental points in Fig. 4b (open circles) yields a k 1/2 (0) 5 526 nmol at 0 mV for atrial sodium channels; a, the fraction of the applied potential that affects tetrodotoxin block [26] , was calculated to be 0.43. When the k 1/2 (0) for five individual experiments with atrial sodium channels were averaged, the result was not different from the linear regression fit of the experimental points (517 6 33 nmol).
Subconductance states were not observed in any of the experiments with human atrial sodium channels. This is different from human heart ventricular sodium channels in lipid bilayers, where apart from the predominant single-channel conductance level, we also observed smaller current transitions [15] similar to the subconductance states observed in sodium channels from eel electroplax [26] and human brain [23] .
In nine of 15 experiments, single channels were successfully exposed to pentobarbital. When pentobarbital was added to either side of the sodium channels, these underwent frequent transitions between a fully open and a fully closed state (Fig. 1b-d) . As this action became too rapid for full resolution, it was quantified by averaging the current over time; from these data the fractional open times were calculated [15] . The slope fitted by linear regression gave the single-channel conductance: 24.9 (r 5 0.998). The data points represent the averages and SD of all channels. (Fig. 4a) . Pentobarbital induced a concentrationdependent block of the channels that was independent of membrane potential between 245 and 145 mV. The data were fitted to a rectangular hyperbola and an IC 50 5 714 µmol L 21 was estimated, the effect yielding a maximal suppression rate of 100% (Fig. 4b) ; the Hill coefficient was 1.03.
982). The circles represent ventricular sodium channels
The addition of pentobarbital (Fig. 1b-d) [23] over a range of membrane potentials. They were independent of membrane potentials ranging from 245 to 145 mV. Atrial sodium channels had a fractional open time of 0.83 6 0. 06  (n 5 15) .
The fractional open time (but not the singlechannel conductance) usually became dependent on membrane potentials at membrane potentials more negative than 280 mV. Below this voltage, the fractional open time decreased successively with increasing negative potentials, until channels were totally closed at a potential below 2120 mV (Fig. 5 ). This effect reflects channel deactivation that due to batrachotoxin modification is shifted more to hyperpolarized potentials. In this membrane potential range, the channel fractional open time (f o ) can be described by a Boltzmann distribution (see the Methods), which is characterized by the maximum channel fractional open time (f max ), the steady-state mid-point potential (V a ) and the valence of the effective gating charge (z a ). Only single-channel experiments with more than three successive activation curves were included in this analysis. Atrial sodium channels had a steady-state mid-point potential of 298.1 (62.3) mV (n 5 6), a maximum fractional open time of 0.93 (60.06) (n 5 6) and an effective gating charge of 3.7 (60.8) (n 5 6) (Fig. 5) . Successive activation curves of the same channel varied by no more than 7.9 mV and, when averaged, the mid-point potentials of different channels varied in their mid-point potentials by maximally 9.5 mV (between 294.6 and 2102.9 mV).
With increasing concentrations of pentobarbital, the mid-points of activation were shifted to more negative potentials (Fig. 5) . At the two examined pentobarbital concentrations these shifts were significant (340 µmol: 2 5.1 6 1.8 mV, n 5 3; 670 µmol: 210.6 6 2.4 mV, n 5 3).
Discussion
In order to explore the difference in the response of human neuronal sodium channels from that of human atrial and ventricular sodium channels to pentobarbital, we isolated sodium channels from human atria, incorporated them into planar lipid bilayers in the presence of batrachotoxin and compared their properties with those from human cardiac ventricle described in [15] . The atrial sodium channels had the overall qualitative biophysical characteristics expected for batrachotoxin-modified sodium channels in planar lipid bilayers ( Table 2 ). The atrial and ventricular sodium channels had very similar properties. Quantitative differences between the cardiac and CNS sodium channels will be discussed. [42] Neither the single-channel conductances nor fractional open times (Table 2 ) nor the presence of longer lasting closed states were different. The steady-state activation of the two cardiac channel isoforms had similar mid-points. Finally, both cardiac sodium channel isoforms had a similarly low tetrodotoxin sensitivity (526 and 436 µmol, respectively), which still was voltage dependent and did not differ between ventricular and atrial channels.
The single-channel conductances of the atrial sodium channel confirmed findings [15] that cardiac sodium channels have a slightly reduced singlechannel conductance (Table 2) . However, subconductance states, regularly seen with cardiac ventricle sodium channels [15] , were not seen in our 15 experiments with atrial sodium channels. Overall, the data further support the general finding that the singlechannel conductance of sodium channels does not vary very much throughout the different sodium channel isoforms.
Batrachotoxin causes sodium channels from human heart atria to stay open 83% of the time by practically abolishing fast inactivation [24] . As seen with ventricular sodium channels, where the fractional open time was 0.85, this was not simply due to an increased number of the short closing events seen with human brain channels (f o 5 0.93 [25] ), but it resulted from a new population of longer lasting closing events not seen with human brain sodium channels.
A considerably lower sensitivity to the otherwise specific sodium channel-blocking agent tetrodotoxin is one of the main characteristics of cardiac sodium channels (binding studies [27] ). These findings were confirmed by our experiments with atrial sodium channels under lipid bilayer conditions. A half maximal blocking effect was obtained with a tetrodotoxin concentration of 526 nmol. These findings are consistent with the data from ventricular sodium channels [15] that show a similar blocking effect at a tetrodotoxin concentration of 436 nmol, which is about 12-fold higher than for human brain sodium channels in lipid bilayers [23] . This comparatively low tetrodotoxin sensitivity identifies the channels clearly as sodium channels of cardiac origin. The voltage dependence of the tetrodotoxin block, another characteristic of batrachotoxin-modified sodium channels in bilayers [28] [29] [30] [31] , was also observed in human atrial sodium channels (Fig. 3b) .
The steady-state activation mid-point of human atrial sodium channels (298.0 6 2.3 mV) was not different from our data with human ventricular sodium channels (299.5 6 3.1 mV). However, the activation mid-points of these two cardiac sodium channels were considerably more negative than that of human brain sodium channels (284 6 10 mV [31] ). A more negative activation mid-point for cardiac than for neuronal sodium channels has been consistently reported by other groups working with expression systems and with native cells [13, 32, 33] .
In our study, batrachotoxin-modified atrial sodium channels can only be distinguished from ventricular sodium channels by their lack of subconductance states. As other electrophysiological differences between atrium and ventricle were not seen in the lipid bilayer environment, our findings with atrium sodium channels confirm an earlier comparison between cardiac and CNS sodium channels [15] where clear differences in electrophysiological behaviour were shown. The electrophysiological similarities of the various batrachotoxin-modified cardiac sodium channel isoforms found in this study do not account for their macrophysiological functional diversity. This is supported in the literature [34] [35] [36] . Functional differences between cardiac cells from atrium and ventricle therefore are more likely to result from modulations in the cell membrane environment, by other molecular structures in the cell membrane or in the cytosol.
Considering the paucity of electrophysiological differences between the batrachotoxin-modified sodium channels from the various cardiac sources, it is not surprising that no difference in anaesthetic behaviour could be detected. This is consistent with other bilayer experiments, in which no difference in anaesthetic response was found when two even less related human sodium channels (brain and cardiac ventricle) were compared [15] . Therefore, the results of the present study cannot explain the observed differences in the anaesthetic sensitivity of the CNS and the cardiovascular system, nor can they explain the functional diversity of distinct regions of the human heart. Still, one has to consider that batrachotoxin essentially abolishes the effects of pentobarbital on the fast inactivation of the sodium channels and thus might obliterate differential responses of the native sodium channels from various tissues.
This does not necessarily mean that sodium channels are not part of a differential response to general anaesthetics. Even small differences that our experimental system was unable to resolve may have a significant effect at the level of neuronal networks [37, 38] . In addition, the pharmacological response of sodium channels may be modulated differently by their respective environments [39] . Such important effects, hardly detectable on the molecular level of a single channel, for example, have been described with local anaesthetics [40] .
In summary, as a complementary approach to recombinant systems, we have demonstrated that native human atrial sodium channels can be incorporated into planar bilayers and that batrachotoxin-modified channels can be examined at the single-channel level. Batrachotoxin-modified sodium channels from atrial and ventricular muscle cells were very similar in their properties, including their interaction with pentobarbital. While in this system the properties of cardiac sodium channels from various regions of the heart were not very different, they differed significantly from those reported for the human CNS.
